1
D) that this isotope exchange most likely proceeds at <1% of the total N 2 O + O( 1 D) reaction rate. It can therefore be neglected as a source of the 17 O anomaly of atmospheric N 2 O, corroborating arguments based on previous indirect experimental evidence of the absence of such isotope exchange (Röckmann and Kaiser, 2005) . In addition, we present a balanced budget of the 17 O anomaly of atmospheric N 2 O, based on N 2 O sources at Earth's surface and in the atmosphere: the reactions of N 2 + O( 1 D) + M, NH 2 + NO 2 , and N + NO 2 , industrial processes, biomass burning, and the ''numerical'' source from microbial nitrogen conversion reactions (Kaiser et al., 2004b) . Citation: Kaiser, J., and T. Rö ckmann (2005), b with a three-isotope exponent b of 0.516 [Cliff and Thiemens, 1997; Kaiser et al., 2004b] . The size of the anomaly as measured by Cliff and Thiemens [1997] , Cliff et al. [1999] , and Röckmann et al. [2001] in the troposphere and lower stratosphere was re-evaluated to be (0.9 ±0.1)% [Kaiser et al., 2003] . A number of in-situ chemical reactions have been proposed that could contribute to this anomaly, including -but not limited to -N 2 + NO* 2 /NO* 3 [Zellner et al., 1992] , N 2 + CO 3 * [McElroy and Jones, 1996] , N 2 + O* 3 [Prasad and Zipf, 2000] , NH 2 + NO 2 [Röckmann et al., 2001] , ultraviolet photolysis of N 2 O [Blake et al., 2003; Johnson et al., 2001; Miller and Yung, 2000] [Estupiñán et al., 2002] , and N + NO 2 [McLinden et al., 2003] . Experimental evidence has ruled out some of these reactions as source of the oxygen isotope anomaly, e.g., N 2 + NO* 2 [Estupiñán et al., 2000] , N 2 + CO* 3 [Wingen and Finlayson-Pitts, 1998 ], N 2 + O* 3 [Estupiñán et al., 2002] , and photolysis [Kaiser et al., 2004b; Röckmann et al., 2001] . The isotopic composition of biological N 2 O is generally believed to follow a mass-dependent fractionation line. However, Kaiser et al. [2004b] pointed out that the origin of the oxygen atoms in microbially produced N 2 O is most likely water, for which the three-isotope exponent is 0.528 rather than 0.516. Due to this difference, even the major N 2 O sources should exhibit an apparent oxygen isotope anomaly and, in fact, up to 44% of the observed anomaly might be explained by biological processes. Moreover, Michalski et al. [2003] suggested that microbial denitrification of nitrate deposited from the atmosphere could produce isotopically anomalous N 2 O. However, it is not clear whether wet and anoxic environments that typically favor denitrification would not also lead to oxygen isotope exchange of nitrate or one of the intermediate products in the denitrification pathway with water.
Introduction
[3] Recently, Yung et al. [2004] proposed another mechanism to explain the oxygen isotope anomaly of atmospheric N 2 O, namely isotope exchange in the reaction of N 2 O with electronically excited atomic oxygen atoms, O( , which is known to lead to oxygen isotope exchange [Chakraborty and Bhattacharya, 2003; Johnston et al., 2000; Perri et al., 2003] , and quantum chemical calculations of the reaction energetics, which hint to a small barrier below the energy of the transition state on the way to the reaction products.
[4] In a recent comment paper [Röckmann and Kaiser, 2005] , we show that the analysis of Yung et al. [2004] 
Measurement of Isotope Exchange in the
The experimental setup for the N 2 O + O( 1 D) experiments has been described by and follows the approach of Cantrell et al. [1994] . O 3 was produced from O 2 at near-ambient temperature and pressure in the silent discharge of a flow-through ozone generator. This O 3 will thus carry the well-known anomalous isotope enrichment relative to the parent O 2 , which had an isotopic composition of d [6] We took seven samples, which remained from our previous experiments and pooled those with matching remaining N 2 O fractions. We thus obtained three pooled samples with degrees of conversion of 61%, 62%, and 78% and d
18 O values of 11.9%, 12.0%, and 18.9%, respectively, relative to the original N 2 O. These samples were diluted with N 2 to N 2 O mixing ratios of 2.2 to 6.2 mmol/mol to make them suitable for on-line gas chromatography-isotope ratio mass spectrometry (GC-IRMS). For our analyses, we used a newly developed on-line method, which is based on thermal conversion of N 2 O to N 2 and O 2 in a gold flow-through reactor at 800°C [Kaiser et al., 2004a] [7] Figure 1 shows that the remaining N 2 O in our photooxidation experiments showed no oxygen isotope anomaly within the experimental error. For a sample with a degree of conversion of 78%, the D
17
O value (0.2 ± 0.4)% implies an exchange which is (1 ± 2)% if we arbitrarily assume the lower limit of 17% for the D 17 O signature for the O( In the following section, we will show that the remaining sources are quantitatively adequate and sufficiently well-established to explain the observations. Specifically, our budget includes biological N 2 O emissions that follow a mass-dependent fractionation line with slope 0.528, biomass burning, industrial processes, and the reactions N 2 + O( 1 D), NH 2 + NO 2 , and N + NO 2 (see Table 1 for a summary of the contributions discussed here).
Biological N 2 O Emissions
[9] The by far largest N 2 O sources are microbial nitrification and denitrification in waters and soils. No measurements of the oxygen triple isotope composition of biogenic N 2 O exist, but it is likely that N 2 O from these sources follows the terrestrial fractionation line defined by a threeisotope exponent between 0.524 [Miller, 2002] and 0.528 [Li and Meijer, 1998 ]. The corresponding D
17
O contribution to tropospheric N 2 O is 0.27 to 0.40% [Kaiser et al., 2004b] . Note that this is an apparent or ''numerical'' anomaly, which would disappear if the D
O value of N 2 O were defined with the three-isotope exponent of biological N 2 O. The importance of varying mass-dependent relationships in biologic processes was also highlighted by Angert et al. [2003] in case of the triple oxygen isotope composition of O 2 .
Biomass Burning and Industrial Processes
[10] The oxygen atom in N 2 O produced by these sources most likely derives from atmospheric O 2 , which is depleted in 17 O by À0.25% relative to the meteoric water line [Luz and Barkan, 2000] . This source therefore diminishes the isotope anomaly of atmospheric N 2 O slightly. O values of (26 ± 9)% for tropospheric [Johnston and Thiemens, 1997; Krankowsky et al., 1995] and (34 ± 4)% for stratospheric ozone [Mauersberger et al., 2001] O sources of (0.26 ± 0.04)% in the stratosphere and (0.10 ± 0.04)% in the troposphere.
Reaction of NH 2 + NO 2
[12] Röckmann et al. [2001] suggested the reaction of NH 2 + NO 2 ! N 2 O + H 2 O as a tropospheric source of the oxygen isotope anomaly of atmospheric N 2 O. NO 2 inherits its oxygen isotope anomaly from O 3 in the reaction NO + O 3 . However, about 20% of the O 3 anomaly is lost through exchange with mass-dependently fractionated HO x , RO x , so that the expected D
17
O value of NO 2 is only between 14 and 33%. Again, the lower/upper value adopts the lower/upper range of the tropospheric O 3 isotope anomaly, and the upper value also assumes that only the terminal O atoms react with NO. Röckmann et al. [2001] took the magnitude of 0.6 Tg N a À1 for this source from Dentener and Crutzen [1994] who assumed that the reaction channel leading to N 2 O accounts for 95% of the total reaction rate constant of NH 2 + NO 2 (1.9 Â 10 À11 cm 3 s À1 ) [Sander et al., 2003 ]. More recent model calculations by Kohlmann and Poppe [1999] adopted a re-measured value of 60% for the branching ratio [Meunier et al., 1996] , which -together with a number of other revisions -gave an estimated N 2 O source of only 0.2 Tg N a À1 . Other studies report even lower branching ratios [Lindholm and Hershberger, 1997; Park and Lin, 1996] 
and that of stratospheric N 2 O is 
